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The theory of the time dependent transferred nuclear Overhauser effect (TRNOE) for 
the generalized case of an exchanging system containing multiple spins as applied to a 
ligand-protein complex is presented and discussed. It is shown that cross-relaxation rates 
between pairs of bound ligand protons and between a bound ligand proton and a proton 
of the protein in the ligand-protein complex can be determined directly and with ease 
from the initial slopes of the time dependent TRNOEs, thus enabling distance ratios 
between any two such pairs of protons or, if one of the interproton distances is known, 
interproton distances to be calculated (on the assumption of a single correlation time for 
all the corresponding interproton distance vectors). By this means the conformation of 
a ligand bound to a protein can be determined with great precision. Because the cross- 
relaxation rates in the ligand-protein complex are directly proportional to the correlation 
time 7, of the ligand-protein complex, this technique is particularly suitable to large 
proteins because its sensitivity increases as the molecular weight of the protein increases, 
enabling large ratios of free over bound ligand protons to be employed. This is illustrated 
by the determination of the conformation of NAD+ bound to yeast alcohol dehydrogenase. 

INTRODUCTION 

The proton-proton transferred nuclear Overhauser effect (TRNOE) (I) involves 
the extension of nuclear Overhauser enhancement (NOE) measurements on biological 
macromolecules (2-12) to exchanging systems such as ligand-protein complexes, and 
has proved extremely powerful in the elucidation of the conformations of small 
molecules bound to proteins, particularly large ones of MW 2 40,000 (1, 13-23). 
The basis of the TRNOE involves the transfer of magnetic information concerning 
cross-relaxation between two bound ligand protons from the bound state to the free 
state by chemical exchange so that negative NOES on the easily detectable free or 
averaged ligand resonances may be observed following irradiation of other ligand 
resonances (free, bound, or averaged), thus providing information on the proximity 
in space of two bound ligand protons (I). In the presence of a protein for which 
UT, % 1 (the spin diffusion limit), a negative TRNOE, iVi(j), on either the free or 
averaged resonance of the ligand proton i will be observed following irradiation of 
either the free, bound, or averaged resonance of the ligand proton j providing the 
two conditions 
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k> lOpi, [II 
and 

I(1 - a)a,B,BI > laa~l PI 
are met, where k is the chemical exchange rate between the free and bound states of 
the ligand, piF the spin-lattice relaxation rate of proton i in the free state, a the mole 
fraction of free ligand, and ~7 and 0;” the cross-relaxation rates between protons i 
and j in the free bound states, respectively (I). 

The theory of the steady state TRNOE has been developed for a system with two 
spins in the bound state and two corresponding spins in the free state (Z), and it was 
shown that in the steady state 

Ni(j) Cc U: [31 

providing the additional conditions 
k b lOOpiF [41 

151 
are satisfied. It should be noted, however, that the constant of proportionality relating 
ZVi(j) to I$ is not the same as that relating iV&) to UF except in the fortuitous case 
where the total spin-lattice relaxation rates of protons i and k are equal both in the 
free and bound states. Thus if Eq. [3] applies for any two pairs of ligand protons i 
and j, and i and k, the ratio of the distances from the two protons j and k to the 
third proton i in the bound state, r;B/r$B, will simply be given by 

ry/r$B = (u$~/c$‘)“~ = [Nj(k)/Ni(j)]‘16 [61 

(assuming the same correlation time for the two distance vectors). 
In practical cases involving large proteins (MW > 20,000), however, the steady 

state TRNOE is not selective owing to the phenomenon of spin diffusion (24) which 
arises from highly effective indirect cross-relaxation between many protons, so that 
Eq. [3] and, consequently, Eq. [6] are no longer valid in the steady state, and a 
multiple spin system has to be considered. The approach we have previously used 
to circumvent this problem consists of carrying out systematic pre-steady state TRNOE 
measurements, irradiating at 1 O-20 Hz intervals throughout a region of interest, using 
a constant short irradiation time, typically 0.5 set (1, 20-23). Under such conditions 
a plot of the intensity of a particular resonance as a function of irradiation frequency 
yields an “action spectrum” and apparent selectivity is maintained. Thus, for ex- 
ample, in the case of the 5’-AMP-yeast and horse liver alcohol dehydrogenase systems, 
a plot of the intensity of the averaged H8 resonance of the purine ring of S-AMP as 
a function of irradiation frequency (systematic irradiation being carried out througb- 
out the sugar proton region of the spectrum) shows specific decreases in intensity at 
the positions of the averaged H2’, H3’, and H5’/H5” sugar resonances but no decrease 
in intensity at the position of the averaged H 1’ sugar resonance, whereas the equivalent 
plot for the H2 resonance of the purine ring of 5’-AMP shows no change in intensity 
at any of the positions of the averaged sugar proton resonances (I). From such 
experiments, it can be immediately deduced from qualitative considerations alone 
that the conformation about the glycosidic bond of bound 5’-AMP is anti and the 
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ribose conformation Y-en& of the N type. To obtain more quantitative conforma- 
tional information, it was assumed that, providing condition [5] is satisfied, Eq. [3] 
is approximately correct for short irradiation times (as would be the case for the 
analogous pre-steady state NOE experiment in a nonexchanging system containing 
multiple spins (5, II)), so that Eq. [6] could still be used to determine the distance 
ratio from two protons to a third proton. (Note that condition [5] is easily verified 
by measuring the pre-steady state NOES on the free ligand in the absence of protein 
using the same irradiation time as that used for the TRNOE measurements in the 
presence of protein: if no corresponding positive NOE is seen for the free ligand (for 
which UT, < l), then condition [5] is easily shown to hold.) Such an approach, 
however, is severely limited since (a) one can only determine the distance ratio from 
two protons to a third proton because the cross-relaxation rates between pairs of 
bound ligand protons cannot be obtained from such measurements at a single ir- 
radiation time; and (b) if condition [5] is not satisfied (which is quite frequently the 
case), the dependence of the TRNOEs on the ratio of the concentrations of free to 
bound ligand must be determined in order to obtain by extrapolation the values of 
the TRNOEs at zero free ligand concentration (i.e., when all the ligand present is in 
the bound state) which are proportional to the relevant cross-relaxation rates in the 
bound state. 

In the present paper, we develop the theory of the time dependent TRNOE for 
the generalized case of an exchanging system containing multiple spins as applied to 
ligand-protein interactions, and show that the cross-relaxation rates between pairs 
of bound ligand protons and between a bound ligand proton and a proton of the 
protein in the ligand-protein complex can easily be determined from the initial 
buildup rates of the time dependent TRNOEs, thus circumventing the above limi- 
tations and enabling distance ratios between any two such pairs of protons to be 
determined (assuming the same correlation time for the two distance vectors). This 
is illustrated by the use of the time dependent TRNOE to determine the conformation 
of NAD+ bound to yeast alcohol dehydrogenase (MW 150,000). 

THEORY 

We will consider the simple reaction scheme 

EfL 2 EL 

where E is the free protein, L the free ligand and EL the ligand-protein complex. 
For a multiple spin system, there will be four groups of protons in scheme [7]: ig, 
the ith bound ligand proton and iF the corresponding free ligand proton; lx, the Ith 
proton of the protein in the protein-ligand complex, and ly , the corresponding proton 
in the free protein. For each group of protons there will be a corresponding set of 
total spin-lattice relaxation rates, pie, PiF, plx, and ply, respectively. The magnetization 
of these protons will be connected to each other by the following cross-relaxation 
rates a?, the cross relaxation rate between bound ligand protons i and j, and 
uFF the cross-relaxation rate between the corresponding pair of free ligand protons; r.l 9 
agx, the cross-relaxation rate between protons 1 and k of the protein in the ligand- 
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protein complex, and U1k “, the cross-relaxation rate between the corresponding pro- 
tons in the free protein; and uil BX, the cross-relaxation rate between the bound ligand 
proton i and proton 1 of the protein in the ligand-protein complex. 

The complete set of coupled ordinary differential equations describing the evolution 
of the z component of the magnetization for the protons ig, iF, lx, and lY for the 
generalized case of an exchanging system [7] containing multiple spins, based on 
McConnell’s (25) and Solomon’s (26) modifications of the Bloch equations for chem- 
ical exchange and cross-relaxation, and neglecting cross-correlation (see Ref. (27) for 
the justification of this simplifying assumption), are given by 

dM, 
dt 

= --piB(MiB - MM) + i: u:*@fj, - Mm) 
j,j#i 

m 

+ 2 u$“(M~ - ~1x0) - k-&f;, + h[&W, PI 

dM, 
dt 

= -Pi&MiF - MFO) + i uyF(Mj, - MFO) + k-,MiB - kl[ElMiF PI 
j,j#i 

dMx -= 
dt 

--P/, WI, - Mxo) + : u$X(Mk, - Mxo) 
k,k+l 

+ 5 u j’(M;, - MBO) - k-&f/x + k, DWt, [ 101 

dM& -= 
dt 

-~dM/y - MYO) + 5 d/%&y - MYO) + k-&4x - WIMI, ill1 
k,k+l 

where MiB, Mi,, MIX, and M,,, are the magnetizations of the z component of protons 
iB, iF, lx, and ly, respectively, at time t, and Mm, Mm, Mxo, and My0 are the 
corresponding equilibrium magnetisations prior to perturbation of the system by the 
application of a radiofrequency field at the position of a particular resonance, defined 
by 

MBO = Mxo = WI/h [121 

MFO = [Ll/LT 1131 

MB0 + MFO = 1 [I41 

MYO = Mxo[EllW~l [I51 

where LT is the total ligand concentration. (Note that (a) we have set the value of 
all MiB.0 to Mm, and similarly for the other three sets of protons, and (b) the sign 
convention of Kalk and Berendsen (24) is used for the cross-relaxation rates such 
that uii is negative for UT, < 1.118, zero for ~7, = 1.118, and positive for 
WT, > 1.118.) 
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The Initial Buildup Rates of the Time Dependent TRNOEs 
For practical purposes there are only two types of proton resonances whose intensity 

may be monitored in a TRNOE experiment: (a) an averaged ligand proton resonance 
Z,” when the free (IF) and bound (ZB) ligand proton resonances are in fast exchange 
on the chemical shift scale, and (b) the free ligand proton resonance IF when IF and 
IB are in slow exchange on the chemical shift scale. Similarly, there are four groups 
of proton resonances which may be irradiated: (i) an averaged ligand proton resonance 
S,, when the free (SF) and bound (&) ligand proton resonances are in fast exchange 
on the chemical shift scale; (ii) the free ligand proton resonance SF or (iii) the bound 
ligand proton resonance S, when SF and SB are in slow exchange on the chemical 
shift scale; and (iv) an averaged (T,,) or bound (TX) proton resonance of the protein. 
Expressions for the initial rate of change of the intensity of Z,” or IF (i.e., for the 
initial buildup rates of the time dependent TRNOEs) for these four cases are given 
below and are derived directly by modifying Eqs. [8]-[ 1 l] appropriately for the cor- 
responding initial conditions. 

In all the cases considered we have assumed that saturation of the irradiated res- 
onance is instantaneous so that at t = 0, the magnetization of the z component of 
the saturated proton resonance is zero. In practice of course, saturation is not in- 
stantaneous, and, in the high power limit, the decay of the magnetization of the z 
component of the saturated proton resonance, M;, is given by 

Mi = MO exp[-Rt] cos (yB2t) [I61 

where the decay rate constant R is a function of the spin-spin relaxation rate, the 
spin-lattice relaxation rate, and the main field (BO) inhomogeneities, and cos (rB,t) 
is the Torrey oscillation term which causes the saturated resonance to undergo a 
sinusoidal oscillation with a frequency proportional to the applied radiofrequency 
field strength B2 (28, 29). Fortunately, the effect of the Torrey oscillation term at 
high values of B2 is such as to make the time development of an NOE in the high 
power limit virtually indistinguishable from that calculated using the simplifying 
instantaneous saturation assumption (11). 

The initial rate of change in the intensity of the averaged proton ligand resonance 
Z,” following irradiation of another proton resonance of any one of the four groups 
considered above, is given by 

[I71 

When chemical exchange between the free and bound states of the ligand is fast on 
the cross-relaxation scale of the relevant pairs of protons, that is to say when 

k-l + k,[E] % IalBsBl + Ia3 [I81 
in the case where either the free (SF), bound (&), or averaged (S,,) ligand resonance 
of proton S is irradiated, or when 

k-l + k,[El % l&l [I91 

in the case where the averaged (T,,) or bound (TX) proton resonance of the protein 
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is irradiated, the initial rate of change in the intensity of the free proton ligand 
resonance IF is given by 

WI 

Case I. Irradiation of the averaged ligand proton resonance S,, . The radiofrequency 
field B2 is applied at t = 0, so that the initial conditions are Mse = MsF = 0, and all 
other magnetizations are equal to their equilibrium magnetizations prior to the per- 
turbation by the radiofrequency field. 

The initial rate of change in the intensity of the averaged ligand proton resonance 
Z,,, and, in the case of fast exchange on the cross-relaxation scale (cf. Eq. [ 18]), of 
the free ligand proton resonance ZF, is given by 

g& 

dt r=c, 
= -(MB&! + MFOalT) = -[(l - a)&? + au;:] Pll 

(where a is the mole fraction of free ligand), providing that, in the case of the bound 
ligand proton ZB, either 

IulBsBl 3 IdjY l&Y WI 
or 

ldfl 3 by? ld~l ~231 

and, in the case of the free ligand proton IF, either 

ml 3 byI [241 
or 

IulFsFl 2 Iuy. P51 

It is clear from Eq. [21] that under these conditions the cross-relaxation rate a?! 
between the two bound ligand protons Zr, and S, is easily obtained providing the 
cross-relaxation rate ~7;: between the corresponding free ligand protons IF and Is has 
been previously determined (e.g., from the initial buildup rate of the NOE between 
protons Zr and Zs of the free ligand in the absence of protein). Alternatively, I$ and 
UT can be determined simultaneously by measuring the initial buildup rate of the 
TRNOE at two different ratios of free to bound ligand. 

If, on the other hand, 
k-l + k,El < I&? + IGl WI 

so that chemical exchange is slow on the cross-relaxation scale, the initial rate of 
change in the intensity of the free ligand resonance IF is given by 

dMI, 
dt I=o 

= (1 - a)kr - a(&: + k,[E]) = -aaT 1271 

and no information on the cross-relaxation rate a?! between the bound ligand protons 
ZB and SB can be obtained. 
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Case 2. Irradiation of the bound ligand proton resonance SB. In this case the initial 
conditions are MSe = 0 and all other magnetizations are equal to their equilibrium 
magnetizations. 

The initial rate of change in the intensity of the averaged ligand proton resonance 
I,, , and, in the case of fast exchange on the cross-relaxation scale (cf. Eq. [ 18]), of 
the free ligand proton resonance IF, is given by 

WI 

(providing either Eq. [22] or Eq. [23] holds), so that the cross-relaxation rate uF$ 
between the two bound ligand protons Ir, and SB can be obtained directly from the 
initial slope. 

If exchange is slow on the cross-relaxation scale (cf. Eq. [26]), the initial rate of 
change in intensity of the free ligand resonance 1, is zero: 

dMIF 

dt +o 
= (1 - a)kl - ak,[E] = 0. ~291 

In addition to monitoring the intensity of ZaV or IF, the intensity of the free ligand 
proton resonance Sr can be monitored. This constitutes the transfer of saturation 
experiment (30), and allows one to obtain information on the chemical exchange 
rate as 

dM,, 

dt [co 
= - ak,[E] = -( 1 - a)k-, . [301 

Case 3. Irradiation of the free ligand proton resonance. In this case the initial 
conditions are MSF = 0 and all other magnetizations are equal to their equilibrium 
magnetizations. 

Initial rate measurements for this particular TRNOE experiment yield no infor- 
mation on cross-relaxation between the bound ligand protons Z, and S, when ex- 
change is slow on the cross-relaxation scale (cf. Eq. [26]) as 

If, on the other hand, exchange is fast on the cross-relaxation scale is fast (cf. Eq. 
[ 181) then the initial slope will be given by Eq. [2 13). 

Case 4. Irradiation of the averaged (T,,) or bound (TX) proton resonance of the 
protein. In this case the initial conditions are MTx = 0 and Mrv = 0 if the averaged 
proton resonance T,, is irradiated, and MTx = 0 if the bound proton resonance TX 
is irradiated; all other magnetizations are equal to their equilibrium magnetizations. 

Providing either Eq. [22] or Eq. [23] holds, the initial rate of change in the intensity 
of the averaged ligand proton resonance I,,, and, in the case of fast exchange on the 
cross-relaxation scale (cf. Eq. [ 191) of the free ligand resonance I,, is given by 

dMI,, 
dt I=o 

= -(l - a)a?f f321 
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so that the cross-relaxation rate u!? between the bound ligand proton Zn and the 
proton TX of the protein in the ligand-protein complex can be obtained directly from 
the initial slope. 

CALCULATIONS 

To illustrate the effect of spin diffusion on the time dependence of the TRNOE 
we have carried out a series of simulations for a simple scheme consisting of three 
ligand protons which exist in the bound (ZB, JB, and Sn) and free (Zr, JF, and SF) 
states (see Fig. 1). For the sake of simplicity we have only considered the case where 
chemical exchange between the free and bound states is fast on the chemical shift 
scale for all three ligand protons, and the values of the cross-relaxation rates between 
the free ligand protons, IF, JF, and Sr, are zero. In all the simulations the intensity 
of the averaged ligand proton resonance Z,” is calculated as a function of the time t 
of irradiation of the averaged ligand proton resonance Jav or S,,. For each time 
dependent TRNOE simultation, we have carried out a corresponding calculation for 
the time dependence of the NOE which would be observed on the bound ligand 
proton ZB following irradiation of the bound ligand proton JB or S, in the absence 
of chemical exchange. The parameter values used, chosen to be representative of 
those in ‘H NMR experiments on l&and-protein systems, are given in Table 1. The 
simulations were carried out by numerical integration of the coupled simultaneous 
ordinary differential equations describing the scheme in Fig. 1 using Curtis’ modi- 
fication (31) of Gear’s backward difference method (32). 

The effect of (a) direct cross-relaxation between the bound ligand protons ZB and 
SB in the absence of indirect cross-relaxation (i.e., u!? = a!! = 0), (b) indirect cross- 
relaxation in the presence of direct cross-relaxation between the bound ligand protons 
Zr, and Sn, and In and JB (i.e., ur$ and uBB ,., are nonzero), and (c) indirect cross- 

FIG. 1. Scheme used for the simulations to illustrate the effkct of spin diffusion on the time dependence 
of the TRNOE. 
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TABLE 1 
VALUES OF PARAMETERS USED 

IN THE CALCULATIONS 

Parameter Value 

5 x 1o-4 M 
5.5 x 10-r M 
108 M-’ set-’ 
100 se-’ 

0 see-’ 
O-20 se-’ 

0.5 xc- 

0.5 set-’ 
0.5 set-’ 

0.5 set-’ 

‘For these values of ET, LT, k,, and km,, 
the ratio of free to bound @and, [LF]/[L& is 
10, and k,[E] is 10 set-‘. 

relaxation in the absence of direct cross-relaxation between the bound ligand protons 
Za and & (i.e., uIs BB = 0), on the time dependence of the TRNOE on the averaged 
ligand proton resonance Z,” is shown in Figs. 2A, 3A, and 4A, respectively, and on 

0- 
0 05 10 

Time Is) 

B No Exchange 

0 O-05 010 
Time is) 

FIG. 2. Effect of direct cross-relaxation in the absence of indirect cross-relaxation on the time dependence 
of (A) the TRNOE on the averaged ligand proton resonance I,, following irradiation of the averaged ligand 
resonance S,, , and of (B) the corresponding NOE on the bound ligand proton resonances I8 following 
irradiation of the bound ligand proton resonance St, in the absence of chemical exchange (i.e., k-, = 0). 
u?! = (a) 10 set-’ and (b) 20 set-‘; 0:: = IJ~ = 0 set- ‘. Values of the other parameters are given in 
Table I. 
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0 0 05 010 

Time is) 

FIG. 3. Effect of indirect cross-relaxation in the presence of direct cross-relaxation on the time dependence 
of (A) the TRNOE on the averaged ligand proton resonance I., following irradiation of the averaged ligand 
proton resonance .S,, (-) and .I., (- - -), and of(B) the corresponding NOE on the bound ligand proton 
resonance I, following irradiation of the bound ligand proton resonances .S, (-) and JB (- - -) in the 
absence of chemical exchange (i.e., k-, = 0). VE = (a, a’) 0 set-‘, (b, b’) 5 set-‘, (c, c’) 10 set-I, and 
(d, d’) 20 set-‘; (r yf = 20 set-I; 0;: = 10 set-‘. Values of the other parameters are given in Table 1. 

the time dependence of the corresponding NOE which would be observed on the 
bound ligand proton resonance IB in the absence of chemical exchange in Figs. 2B, 
3B, and 4B, respectively. A comparison of Figs. 2A, 3A, and 4A with Figs. 2B, 3B, 
and 4B shows that: 

(i) The initial slope of both the time dependent TRNOE and NOE provides a 
good measure of direct cross-relaxation (see Figs. 2 and 3) even in the presence of 
significant indirect cross-relaxation (see Fig. 3). Thus, in the examples given in Figs. 
2 and 3 where chemical exchange is fast on the chemical shift scale, the initial slope 
of the TRNOE is given by the weighted average of the direct cross-relaxation rates 
in the free and bound states (cf. Eq. [21]), whereas, for the corresponding NOE in 
the absence of chemical exchange, it is given by the direct cross-relaxation rate in 
the bound state. A natural consequence of this is that the time development of the 
TRNOE is slower than that of the corresponding NOE (in the calculations presented 
here by an order of magnitude). This has the advantage that it allows one to use 
longer irradiation times in time dependent TRNOE measurements than in the cor- 
responding time dependent NOE measurements, and, therefore, to preserve greater 
selectivity of the applied radiofrequency field (as the bandwidth of the latter is given 
by - l/t where t is the time for which it is applied). It should be noted from the 
experimental point of view that in time dependent TRNOE measurements the molar 
ratio of free to bound ligand can always be chosen such that the initial slope can be 
measured from irradiation times of a50 msec (cf. Eqs. [2 11, [28], and [33]) such that 
conditions for both selectivity and high power of the saturating pulse can be achieved. 
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"b t:ao 

c --D 
-b 
-c 

Ok 
0 05 10 

Time IsI 

-* 
=C b 

0 
0 0 OS 010 

Time (s) 

FIG. 4. Effect of indirect cross-relaxation in the absence of direct cross-relaxation on the time dependence 
of (A) the TRNOE on the averaged ligand proton resonance I.. following irradiation of the averaged hgand 
proton resonance S,, and of(B) the corresponding NOE on the bound ligand proton resonance Ia following 
irradiation of the bound ligand proton resonance Sr, in the absence of chemical exchange (i.e., k-, = 0). 
ug = (a) 5 set-‘, (b) 10 set-I, and(c) 20 w-r; (r b = 20 see-‘; I$$ = 0 set-‘. Values of the other parameters 
are given in Table I. 

Given that the interproton distances for which the TRNOEs are going to be observed 
lie in the range of 2 to 4 A, the choice for the molar ratio of free to bound ligand 
can be estimated on the basis of an approximate value for the rotational correlation 
time of the protein calculated using the Stokes-Einstein equation. 

(ii) Indirect cross-relaxation in the absence of direct cross-relaxation is easily de- 
tected by the presence of a lag phase in the time development of both the TRNOE 
and NOE. 

(iii) Providing either Eq. [5] or the condition 

t1 - Q)Pi, B UP& [331 

is not fulfilled, the value of the steady state TRNOE (i.e., at t - co) is sensitive to 
the value of the direct cross-relaxation rate ~2” in the bound state (see Figs. 2A and 
3A, and Ref. (I)). This has the major advantage that the sixth root of the ratio of 
two TRNOEs from two protons to a third proton can still give an approximate 
estimate of the corresponding distance ratio at relatively long irradiation times, pro- 
viding direct cross-relaxation between the two pairs of protons predominates over 
indirect cross-relaxation (see Figs. 2A and 3A) or the contribution from indirect cross- 
relaxation can be eliminated (see Results section and Figs. 5C and 6). When both 
conditions [33] and [34] are fulfilled, however, the value of the steady state TRNOE 
will be equal to that of the corresponding steady state NOE which would be observed 
in the absence of chemical exchange, namely - -1 when 07, $- 1 (see Figs. 2B 
and 3B). 
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HN6 
H,l’/H,l’ 

HAM 

0111'1111111 
0 0.5 1.0 

Time k.1 

E HN~, HN&, h5 

’ 0.5 
z 

HA~ 

O- 
0 0.5 1.0 

Time (s) 

FIG. 5. Time dependence of the TRNOEs observed on the averaged ligand resonances of NAD+ following 
irradiation of the averaged H,J’/HJ’ resonance of NAD+ at 1.00 ppm in the presence of yeast ADH at a 
ratio of free to bound NADf of 10. In A and B, Z(t)/Z(O), and in C and D [Z(t) - Z&]/Z&) are plotted as 
a function of time where Z(t) and Z(0) are the intensities of the averaged ligand resonance at time t and 0, 
respectively, and Z=(t) is the intensity of the same averaged ligand resonance following irradiation for a time 
t at a control frequency of -0.53 ppm which is placed within the protein envelope approximately 0.9 ppm 
upfield from the highest field sugar proton resonance of NAD+. 0, H*8; 0, HA1’/HNl’; W, Hn6; v, H,2; 
0, H,2; A, HP; V, HN5. The experimental conditions are given in the Experimental section. (Chemical 
shifts are expressed relative to dioxane which is 3.7 1 ppm downfield from 2,2 dimethylsilapentane-5- 
sulphonate). 

EXPERIMENTAL 

Yeast alcohol dehydrogenase (ADH) was purchased from Sigma Chemical Com- 
pany Ltd. After dialysis against 20 m.M potassium phosphate pH* 7.0 (meter reading 
uncorrected for the isotope effect on the glass electrode) in D20, the solutions were 
clarified by centrifugation and used without further purification. NAD+ was also 
obtained from Sigma Chemical Company Ltd., lyophilized from D20, and used 
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OI 
0 0.5 1.0 

Time (s) 

D 

0- 

0 0.5 1.0 

Time (s) 

FIG. 5-Continued. 

without further purification. All chemicals used were of the highest purity commer- 
cially available. Samples for ‘H NMR contained 8.8 n&f NAD+ and 0.2 m.A.I yeast 
ADH (corresponding to 0.8 mA4 in NAD+ binding sites) so that the ratio of free to 
bound NAD+ was 10, 20 mM potassium phosphate pH* 7.0, 3.3 pA4 EDTA and 1 
mM dioxane (as an internal standard). All experiments were carried out at 20°C. 

‘H NMR measurements were carried out at 270 MHz using a Bruker WH-270 
spectrometer operating in Fourier transform mode. Five hundred transients were 
averaged for each spectrum using 4096 data points for a 4.2 kHz spectral width, and, 
prior to Fourier transformation, the free induction decay was multiplied by an ex- 
ponential function equivalent to a line broadening of 2 Hz. The pulse sequence used 
in the time dependent TRNOE experiments was (tr-to-?r/2-AT-t,), where the se- 
lective irradiation at a chosen frequency was applied during the time interval t, 
(0.002- 1 set), t2 is a short delay (2 msec) to allow for electronic recovery after removal 
of the selective irradiation, AT is the acquisition time (0.487 set), and t3 is a delay 
(4 set) to allow for complete recovery of the magnetization of all protons to their 
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FIG. 6. The low field region of the 270 MHz ‘H-NMR spectrum of 8.8 mM NAD+ in the presence of 
0.2 mM yeast ADH (corresponding to 0.8 mM in NAD+ binding sites). (A) Spectrum with (a) no irradiation, 
(b) irradiation for 0.4 s at a control frequency (-0.53 ppm) placed within the protein envelope, and (c) 
irradiation of the averaged H,J’/H$’ resonance at 1 .OO ppm for 0.4 s. (B) Difference spectra of(b) minus 
(a), (c) minus (a) and (c) minus (b). The experimental conditions are given in the Experimental section. 
(Chemical shifts are expressed relative to dioxane). 

equilibrium values prior to perturbation by the selective radiofrequency field. Chem- 
ical shifts are expressed relative to internal ( 1 mM) dioxane (3.7 1 ppm downfield 
from 2,2-dimethylsilapentane-Ssulphonate). 

RESULTS AND DISCUSSION 

To illustrate the applications of time dependent TRNOE measurements to the 
conformational analysis of ligands bound to proteins we have used the NAD+-yeast 
ADH system as an example. Yeast ADH is a large protein of molecular weight 150,000 
composed of four identical subunits, each of which possesses a NAD+ binding site 
(33). Because NAD+ binds weakly to yeast ADH with an equilibrium association 
constant of 1.4 X lo3 M-’ (34) and exchange between the free and bound states of 
NAD+ is fast on the chemical shift scale (21), the time dependent TRNOE experiment 
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FIG. G-Continued. 

consists of irradiating a particular averaged ligand resonance and monitoring the 
intensity of the other averaged ligand resonances as a function of the time t for which 
the radiofrequency field is applied. All measurements were carried out with a ratio 
of free to bound NAD+ of 10. 

Under these conditions the contribution to the initial buildup rate of the TRNOE 
from cross-relaxation between free ligand protons can be neglected (i.e., Eq. [5] is 
satisfied) since (a) no NOES between any pair of protons could be observed for free 
NAD+ or NAD+ in the presence of denatured yeast ADH in 3M guanidinium chloride 
for irradiation times as long as 1 set, and (b) it can be calculated using the equation 
(24, 26) 

1 y4h2 67, nil = - - 
10 rp, Tc - 1 + 4w%,2 

that for any given distance ril, the absolute value of the cross-relaxation rate bij for 
free NAD+ will be between 100 and 170 times smaller than that for bound NAD’ 
at a spectrometer frequency of 270 MHz using T, = 2-3 X lo-” set for free NAD+ 
(35) and 7, = 6-10 X 10e8 set for the NAD+-yeast ADH complex (calculated using 
the Stokes-Einstein equation). Consequently, from Eq. [2 11, the initial buildup rates 
of the TRNOEs in the presence of direct cross-relaxation between the relevant pairs 
of protons will simply be given by -( 1 - a)~?. 

The time dependence of the TRNOEs observed on the averaged HA8, HA2, H,l’/ 
HN1’, HN6, HN5, HN4, and HN2 resonances of NAD+ following irradiation of the 
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averaged HJ’/HN2’ resonance of NAD+ is shown in Fig. 5. (Note that the subscripts 
A and N used in the numbering of the NAD+ protons refer to the adenine and 
nicotinamide moieties, respectively, and that the positions of the sugar proton res- 
onances of the nicotinamide ribose closely overlap the corresponding sugar proton 
resonances of the adenine ribose, and therefore cannot be distinguished.) It can be 
clearly seen from the absence of a lag phase for the Z(t)/Z(O) versus t plots for the 
averaged HA8, HN6, and HA1’/HN1’ ligand resonances (where Z(t) and Z(0) are the 
intensities of the averaged ligand resonances at time t and 0, respectively), that sig- 
nificant direct cross-relaxation occurs between the HJ’ proton and the HA8 and HA 1’ 
protons, and between the HN~’ proton and the HN~ and HNI’ protons (see Fig. 5A). 
(Any contribution from direct cross-relaxation between protons of the nicotinamide 
moiety and protons of the adenine moiety is insignificant and can be neglected as 
NAD+ is known to be bound to alcohol dehydrogenase in the extended conformation 
with the nicotinamide and adenine rings separated by IO- 12 A (36-38).) Conversely, 
the presence of a lag phase in the case of the Z(t)/Z(O) versus t plots for the averaged 
HN2, HN4, HN5, and HA2 ligand resonances indicates that direct cross-relaxation to 
the HN2’ or HA2’ proton is insignificant and that indirect cross-relaxation predomi- 
nates (see Fig. 5B). However, no distinction could be made between the above two 
groups of ligand protons on the basis of a difference spectrum obtained by subtracting 
a spectrum without irradiation (Fig. 6, spectrum a) from one with irradiation of the 
averaged HA2’/HN2’ ligand resonance for, say, t = 0.4 set (Fig. 6, spectrum c) as a 
decrease in the intensity of all the averaged ligand resonances is observed (see Fig. 
6, difference spectrum c minus a). The predominant source of indirect cross-relaxation 
arises via the protons of the protein (i.e., generalized spin diffusion) and can be 
virtually eliminated by plotting [Z(t) - Zc(t)]/Zc(t) as a function oft, where ZJt) is the 
intensity of the averaged ligand resonance following irradiation for a time t at a 
control frequency placed within the protein envelope. This is illustrated in Figs. 5C 
and D with the control irradiation frequency at -0.53 ppm which is within the 
/3-CH2 region of the protein spectrum approximately 0.9 ppm upfield from the highest 
field sugar proton resonance of NAD+. The initial slopes of the [Z(t) - Z,(t)]/ZJt) 
versus t plots for the averaged HA8, HN6, and HA1’/HNl’ resonances remain un- 
changed from those of the corresponding Z(t)/Z(O) versus t plot; at t - co, however, 
the values of [Z(t) - Z,(t)]/Z,(t) differ from the corresponding values of Z(t)/Z(O) owing 
to the elimination of the contribution from indirect cross-relaxation at long values 
oft (see Fig. 5C). In contrast, no change in the value of [Z(t) - Z,(t)]/Z,(t) as a function 
oft is observed for the averaged HA2, HN2, Hr.,4 and HN5 ligand resonances; this is 
illustrated in Fig. 5D for the averaged HA2 and HN2 resonances. Consequently, a 
difference spectrum taken at, say, t = 0.4 set of a spectrum with the irradiation 
frequency at the position of the averaged HA2’/HN2’ resonance (Fig. 6, spectrum c) 
minus a control spectrum using the same irradiation frequency (-0.53 ppm) as that 
used in Figs. 5C and D (Fig. 6, spectrum b) only shows a specific decrease in the 
intensity of the averaged resonances of those ligand protons where significant direct 
cross-relaxation to the HJ’ or H&’ ligand protons occurs in the bound state, namely 
the HA8, HN6, and HA1’/HN1’ protons (see Fig. 6, difference spectrum c minus b). 
Thus, a useful initial procedure to determine between which pairs of protons signif- 
icant direct cross-relaxation occurs is to obtain a set of “action” spectra by plotting 
the intensities of the averaged ligand resonances as a function of irradiation frequency 
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(I, 19-23). In this manner selectivity of the observed TRNOEs is achieved since, in 
general, the extent of spin diffusion arising from indirect cross-relaxation via the 
protons of the protein is approximately independent of the irradiation frequency 
providing this is placed within the protein envelope (see, for example, Fig. 5 in Ref. 
(I) and Fig. 1 in Ref. (22)). Nevertheless, small effects seen in such “action” spectra 
should be treated with caution as they may still arise from indirect cross-relaxation, 
and should therefore be checked by measuring the time dependence of the TRNOE. 

The values of all the direct cross-relaxation rates which could be measured between 
pairs of bound ligand protons in the NAD+-yeast ADH system are given in Table 
2. From the cross-relaxation rates, the distance ratios, riI/rk,, between pairs of bound 
ligand protons can be determined as, from Eq. [34], uii a (rij)-6 (see Table 2). In 
the case of the NAD+-yeast ADH system interproton distances between bound ligand 
protons can also be calculated (see Table 2) as the distances rHNS-rH,.,6 and 
&5-r&,4 are fixed and have a values of 2.48 A. Given both the value of the distance 
&5-r&,6 and of the cross-relaxation rate u~~:BN5,HN6, the value of T, computed for the 
NAD+-yeast ADH complex using Eq. [34] is -8 X 10e8 set which is within the 
range (6-10 X lo-* set) predicted for the rotational diffusion time of a protein of 
MW 150,000 on the basis of the Stokes-Einstein equation. 

It should be noted that the values of 0.89 and 0.77 for the two distance ratios 
rH&H& r&&H,,Y and rn&H,& rH&H~,5’/H,& respectively, in NAD+ bound to yeast 

ADH, obtained by Gronenborn and Clore (21) using the ratios of the corresponding 
TRNOEs observed in an “action” spectrum with an irradiation time of 0.5 set, are 
approximately the same as those obtained from the cross-relaxation rates given in 
Table 2, namely 0.87 and 0.81, respectively. Thus, providing one is sure that the 
TRNOEs observed from two bound ligand protons to a third bound ligand proton 
in an “action” spectrum arise from direct cross-relaxation, a reasonable estimate of 
the corresponding distance ratio may be obtained (providing an appropriately short 
irradiation time is employed). 

Based on the large number of interproton distance ratios and distances in bound 
NAD+ derived from the time dependent TRNOE measurements (see Table 2) the 
conformation of NAD+ bound to yeast ADH can be determined with much greater 
precision than was possible on the basis of the TRNOEs measured by Gronenbom 
and Clore (21) from an “action” spectrum obtained using a single irradiation time 
(see Fig. 7). The distance ratios and interproton distances given in Table 2 are only 
consistent with an anti conformation about both the adenosine and nicotinamide 
glycosidic bonds with torsion angles of XA (04’-Cl’-N9-C4) - 270” and XN 
(04’-C I’-N l-C2) - 240”, a 3’ endo conformation of the N type for both the adenine 
and nicotinamide ribose, and either a gauche-truns or trans-gauche conformation 
about the C4’-CS bond of the adenine ribose (we cannot distinguish between these 
two possibilities as the averaged l&and resonances of the HA5’ and HA5” protons are 
superimposed). Moreover, given the distances between the HN6 proton and the HN2 
and HN3’ protons (see Table 2) the absence of significant direct cross-relaxation from 
either the HN5’ or HN5” proton to the HN6 proton, as evidenced by a distinct lag 
phase in the time dependent TRNOE, indicates that the corresponding distances are 
greater than 4 A and, therefore, that the conformation about the C4’-C5’ bond of 
the nicotinamide ribose is likely to be gauche-gauche. These findings are entirely 
consistent with the available crystallographic data on coenzymes and coenzyme frag- 
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TABLE 2 

CROSS-RELAXATION RATES BETWEEN PAIRS OF BOUND LIGAND PROTONS IN THE NAD+-YEAST ADH 
COMPLEX DETERMINED FROM TIME DEPENDENT TRNOE MEASUREMENTS TOGETHER WITH THE 

INTERPROTON DISTANCE RATIOS AND DISTANCES DERIVED FROM THEM 

Irradiated resonance” 
Observed 
resonance 

Distance 
ratiosC ry (A)d 

A. Adenine moiety 
H*l’ 
HA2 
HA2 
HA3 
H,S/H,5” 

B. Nicotinamide moiety 
HNI’ 
HNl’ 
HN2 
HN2 
HN3 
HN~ 

Hi-45 

HN~ 20.0 
HN~ 4.8 
HN1le 9.5 
Hi-46 1.9 
HN~ 22.1 
HN~ 20.0 
HN~ 20.0 

3.8 
9.5 

27.0 
11.8 
1.8 

d%drfj 
0.12 
0.84 
1.00 
0.87 
0.81J 

4hidr,B, 
1 .oo 
0.19 
0.88 
0.86 
1.02 
1 .oo 
1 .oo 

3.21 
2.81 
2.36 
2.71 
2.90’ 

2.48 
3.15 
2.81 
2.90 
2.43 
2.48 
2.48 

’ Although the positions of the sugar proton resonances of the adenine ribose closely overlap the cor- 
responding sugar proton resonances of the nicotinamide ribose so that they cannot be distinguished, any 
contribution from direct cross-relaxation between protons of the adenine ribose and protons of the nico- 
tinamide ribose, protons of the adenine ribose and protons of the nicotinamide ring, and protons of the 
nicotinamide ribose and protons of the adenine ring is insignificant and can be neglected since NAD+ is 
known to be bound to alcohol dehydrogenases in the extended conformation with the adenine and nico- 
tinamide rings lo-12 8, apart (36-38). 

’ The relative errors, Au~*/.J~~, in the values of the cross-relaxation rates are 4 20.10. 
‘The interproton distance ratios are calculated using Bq. [34] on the assumption of a single correlation 

time for all the interproton distance vectors of the adenine moiety and a single correlation time for all the 
interproton distance vectors of the nicotinamide moiety. The errors in the values of the distance ratios are 
d kO.03. 

d The interproton distances are. calculated relative to the two distances rHNSmHN6 and rHNSmHN4 which have 
a value of 2.48 A (calculated on the basis of standard bond lengths and angles for the nicotinamide ring), 
using Eq. [34] on the assumption of a single correlation time for all the interproton distance vectors of the 
adenine and nicotinamide moieties. Assuming an error of kO.05 A in the estimated value of rHNeHN6 and 
rHNmHN4, the errors in the values of the other interproton distances are d f0.15 A. 

‘As the Hi.,l’ and HAl’ resonances are superimposed, individual effects on the HNI’ and H*l’ protons 
cannot be distinguished. It was therefore assumed that the contributions to the initial slope of the TRNOE 
from cross-relaxation between the HNl’ and HJ’ protons and between the HAI’ and HA2’ protons were 
equal. 

J The HAS and H,J resonances are superimposed so that one cannot distinguish whether the TRNOE 
observed on the averaged HA8 resonance arises from the H,,5’ or H,,5” proton. In calculating the distance 
ratio r~~~-H*2’Jra8-H*J’/H*5’ and the distance $&-uA~,u~s . we have assumed that the conformation about the 
C4’-C5’ bond of bound NAD+ exists in only one form so that the TRNOE arises from only one of these 
two protons. 

ments bound to a number of dehydrogenases including horse liver ADH (36-M). It 
should be noted, however, that there are no crystallographic data at present on the 
NAD+-yeast ADH complex. 
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FIG. 7. Conformation of the adenine (A) and nicotinamide (B) moieties of NAD+ bound to yeast ADH 
deduced from the distances between pairs of bound ligand protons given in Table 2 derived from time 
dependent TRNOE measurements (see text for further details). (Note that the conformation about the C4’- 
C5’ bond of the adenine ribose is drawn in the gauche-trans conformation; we cannot, however, distinguish 
between this conformation and the truns-gauche conformation on the basis of our TRNOE measurements.) 
Abbreviations used: gg, gauche-gauche; gt, gauche-trans. 

CONCLUDING REMARKS 

In this paper we have discussed the theory and applications of time dependent 
TRNOE measurements to the study of the conformations of ligands bound to pro- 
teins. We have shown that cross-relaxation rates between pairs of bound ligand pro- 
tons and between a bound ligand proton and a proton of the protein in the ligand- 
protein complex can be determined with ease from the initial buildup rates of the 
TRNOEs, thus enabling either distance ratios between any two such pairs of protons 
or, if a particular interproton distance is known, interproton distances to be calculated 
directly. The large number of interproton distance ratios or distances obtained in this 
manner enable one to define with precision the conformation of the bound ligand 
and potentially its location with respect to neighboring amino acid residues of the 
protein (providing the resonance positions of the latter’s protons are known). 

The measurement of time dependent TRNOEs is a technique of wide applicability 
since only conditions [l] and [2] need be fulfilled for a negative TRNOE to be 
observed. Moreover, the time dependent TRNOE is particularly suitable to the study 
of ligands bound to large proteins because (a) only free or averaged ligand resonances 
need be observed, and (b) the sensitivity of the technique increases as the molecular 
weight of the protein increases owing to the fact that the cross-relaxation rates in the 
ligand-protein complex are directly proportional to the correlation time T, of the 
ligand-protein complex (since ~7, % l), thus enabling large excesses of free over 
bound ligand to be employed. 
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